We have determined the Wadati-Benioff Zone seismicity and state of stress of the 26 subducting Nazca slab beneath central and southern Peru using data from three recently 27 deployed local seismic networks. Our relocated hypocenters are consistent with a flat slab 28 geometry that is shallowest near the Nazca Ridge, and changes from steep to normal 29 without tearing to the south. These locations also indicate numerous abrupt along-strike 30 changes in seismicity, most notably an absence of seismicity along the projected location 31 of subducting Nazca Ridge. This stands in stark contrast to the very high seismicity 32 observed along the Juan Fernandez ridge beneath central Chile where, a similar flat slab 33 geometry is observed. We interpret this as indicative of an absence of water in the mantle 34 beneath the overthickened crust of the Nazca Ridge. This may provide important new 35 constraints on the conditions required to produce intermediate depth seismicity. Our focal 36 mechanisms and stress tensor inversions indicate dominantly down-dip extension, 37 consistent with slab pull, with minor variations that are likely due to the variable slab 38 geometry and stress from adjacent regions. We observe significantly greater variability 39 in the P-axis orientations and maximum compressive stress directions. The along strike 40 change in the orientation of maximum compressive stress are likely related to slab 41 bending and unbending south of the Nazca Ridge. 
INTRODUCTION 48
The term "flat slab subduction" is often used to refer to the subduction of an 49 oceanic plate that enters the trench at a normal dip angle (~30°), continues subduction up 50 to 100 km depth, and then abruptly bends to travel horizontally (~0° dip) for several 51 linked to unusual tectonic processes such as the cessation of arc volcanism, inboard thick-57 skinned deformation of the overriding plate and the evolution of high plateaus (e.g. 58
nearby events recorded at a common station. HypoDD uses both absolute and relative 186 travel time data for each pair of events to determine relative event locations that are 187 independent of regional structural variations. We calculate differential times between 188
common phases recorded at a common station for all events pairs separated by ≤ 40km. 189
Each event is grouped to a maximum of 10 neighboring events with inter-event distances 190 ≤ 40km, each of which were required to have at least eight differential travel time 191
observations. Of the 591 events located using HYP, we were able to relocate 508 events 192
with HypoDD ( Fig. 2b ; Supplemental Table T2 ). The remaining 83 events did not have 193 sufficient neighboring earthquakes at small inter-event distances (≤ 40km
Focal mechanisms and stress tensor calculation 197
We determine the best fitting double-couple fault plane solution and associated P 198 and T axis orientations using FPFIT (Reasenberg & Oppenheimer, 1985) , included in the 199 software package SEISAN (Havskov & Ottemoler, 1999) . It estimates source model 200 parameters (strike, dip and rake) through a grid search by iteratively minimizing the 201 weighted sum of first motion polarity errors (Fig. 4) . We perform an initial grid search at 202 coarse increments of 20° in strike, dip and rake and then used a finer grid of 1° 203 increments to determine the best fitting solution. We use the error estimation procedure 204 of FPFIT to calculate the error in strike, dip, and rake of the focal mechanism solutions. 205
FPFIT calculates the standard deviation misfit function between the observed and 206 predicted polarity of each station and estimates the variance in this misfit function from a 207
priori knowledge (quality of phase pick) of the variance in the observed data. The 90-208 percent confidence interval for the misfit function is estimated from its variance by 209 assuming that the misfit is normally distributed. The error in each model parameter (e.g. 210 strike, dip, and rake) is determined with respect to the minimum misfit value 211 (Reasenberg & Oppenheimer, 1985). We do not include solutions with sparse polarity 212 readings and those for which all readings are close to nodal planes in further analyses. 213
Additionally, we use the following criteria to select the best available focal mechanism 214 solutions: at least 10 polarity readings, a maximum of 2 incorrect polarities and a 215 maximum 10° error in strike and dip and 20° error in rake. This produces a total of 173 216 robust focal mechanism solutions. 217
We use our observed focal mechanisms, including strike and dip of the fault plane 218 and the sense of relative motion (rake) along those faults, to calculate the regional stress 219 field tensor (Delvaux & Sperner, 2003) . The stress tensor inversion minimizes the 220 angular misfit between the observed and predicted slip directions. To calculate the error 221 on strike and dip of stress axes (σ 1 , σ 2 , σ 3 ), the inversion algorithm test wide range of 222 orientations of the three stress axes by performing a series of rotation, successively 223 around sigma 1, sigma 2, and sigma 3 axes (Delvaux & Sperner, 2003) . It finds the range 224 of rotation angle for which the value of angular deviation between the observed and 225 theoretical slip is less than user defined threshold. The error on strike and dip of the stress 226 axes is therefore related to the angular aperture (range of rotation angle) of a cone 227 centered on the stress axes. 228
Given the likelihood that the state of stress in the subducting plate varies 229 depending on the changing slab geometry, we perform independent stress analyses on 230 four sub-regions south of the Nazca Ridge that comprise areas with consistent slab dipangles inside Box 1, 2 (2S and 2N), and 3, south of the Nazca Ridge (black rectangles, 232 Fig. 8 ) and calculate the regional stress field for each subregion individually. We do not 233 include the area north of the Nazca Ridge for stress tensor inversion due to the sparsity of 234 focal mechanism observations and complex slab geometry (Antonijevic et al., 2015) . In 235
Box 1, we choose the central portion for stress tensor inversion, where the slab dip is 236 constant. We exclude the southernmost portion of Box 1, where the direction of slab dip 237 is different than the majority of T-axes measurements in the central portion of Box 1. In 238 Box 2, the slab dip direction varies from NE in the south to SE in the north (Fig. 8) . We 239 choose two small subregions 2S and 2N in Box 2 for stress inversions, one that lies south 240 of the bend and one to the north of the bend (Fig. 8) . In Box 3, the slight downdip 241 direction of nearly horizontal slab is directed towards SE and we selected all the events 242 with known focal mechanism for stress calculation in Box 3 (Fig. 8) . Figs S2 and S3 of the supplementary material. We observe a number of distinctive 250 patterns across our study area, including regions of dense seismic activity, regions with 251 sparse seismicity, and some regions in which we were able to find no well-located events. Seismicity is laterally continuous between clusters A and B at depths of < 120km. 261
However, at greater depths we find evidence of a small seismic gap, triangular in shape 262 (shaded triangle, Fig. 2b ). This gap is concentrated in the middle of our seismic network, 263 directly beneath one of the CAUGHT stations (CP07), and so is unlikely to be due to a 264 lack of station coverage. We do have an absolute location for one event in the center of 265 this triangle ( cluster C (Fig. 2b) beneath the Western Cordillera, north of the Nazca ridge, is confined 282 to the westernmost margin of the horizontal portion of the flat slab. This defines its own 283 linear cluster of events, connecting the diffuse seismicity along the northern edge of 284 PULSE network and seismic gap along the projected location of the subducted Nazca 285 ridge. We find very few events inboard of this cluster except for a small number of 286 relatively shallow events with depths between 50 and 70 km for which we are unable to 287 determine relative relocations (Fig. 2a) . 288
Along the northernmost end of our study area, the observed slab seismicity 289 (denoted as cluster D in Fig. 2b ) has a maximum inboard extent of over 400 km from the 290 trench. The events in this cluster are generally diffuse and range in depth from ~100 to 291 120 km, significantly deeper than events found closer to the Nazca Ridge further south. 292 293
Focal mechanisms and stress analyses 294
Our full focal mechanism solutions are shown in map view in Fig. 6 
and in Figs 295
S4 and S5 of the supplementary material. T-axis orientations are shown in Fig. 7 . The 296 results of our focal mechanism analyses indicate a predominance of normal faulting 297 across our study area (Fig. 6 , Table T3 in the supplementary material). In our 298 southernmost region (Box 1, Fig. 7 ), the T-axes have slightly variable orientations, butare oriented dominantly E-W to ENE-WSW (inset1, Fig.7) . We find that the T-axes are 300 generally parallel to the slab in Box 1, but rotated ~30-40° clockwise from the down-dip 301 direction (black squares, Fig. 9a) . Our stress tensor solution shows a similar pattern with 302 the least compressive stress (σ 3 , red arrow in Fig. 9a ) oriented parallel to the dipping slab 303 just north of E-W (strike = 83° and dip = 35°, with 1-sigma standard error of 20.4°). The 304 maximum compressive stress (σ 1 , blue arrow in Fig. 9a ) is nearly horizontal and oriented 305
N-S. 306
In Box 2, we see a well-distributed range of T-axis orientations at significantly 307 different azimuths (inset2, Fig7). This is to be expected, given the range in slab dip 308 directions in this region. If we focus on the two boxes used to calculate the stress 309 tensors, within which slab orientation is relatively constant (Box 2S and Box 2N, Fig. 8)  310 we see distinct differences between the two. In Box 2S, the T-axes show a generally slab 311 parallel orientation (Fig. 9b) . The σ 3 axis is directed ENE at strike = 64° and dip = 12°, 312 with 1-sigma standard error of 17.6°, indicating a slab parallel, down-dip orientation with 313 a similar slight clockwise rotation as is observed in Box 1. However, unlike Box 1, the 314 maximum compressive stress (σ 1 ) is nearly perpendicular to the slab surface (solid red 315 circle, Fig. 9b ). In Box 2N, the T-axes again lie within the slab and are dominantly 316 oriented down-dip (black squares, Fig. 9c ). The least compressive stress (σ 3 ) is also 317 generally parallel to the shallow downdip direction (red arrow in Fig. 9c ). Specifically, σ 3 318 is oriented ESE with a strike = 114°, dip = 12°, and 1-sigma standard error of 21.1°. The 319 maximum compressive stress (σ 1 ) is nearly horizontal and oriented parallel to the strike 320 of the slab (blue arrow in Fig. 9c) . This is very different to Box 2S where the maximum Fig. 9d ). The least compressive stress (σ 3 ) is horizontal and 326 parallel to very slight downdip direction of the slab (red arrow in Fig. 9d) . Specifically, 327 σ 3 is directed NW-SE at strike = 301° and dip = 8°, with 1-sigma standard error of 17.4°. 328
The maximum compressive stress (σ 1 , solid red circle in Fig. 9d ) and P-axes (black 329 circles, Fig. 9d ) are nearly vertical and orthogonal to the slab, similar to Box 2S, but 330 different from the adjacent Box 2N. 331
In Box 4, north of the Nazca Ridge, the T-axes have variable orientations (Fig. 7) . 332
This variable state of stress of the subducting slab is perhaps affected by the presence of 333 proposed tear and complex slab geometry north of the Nazca Ridge (Antonijevic et al., 334 2015). We do not perform stress tensor inversion in this region due to the likely non-335 uniformity in the stress field and sparsity of focal mechanism solutions. 336 337
DISCUSSION 338

Abrupt variations in seismicity within the subducted Nazca plate 339
The earthquake locations presented here show abrupt spatial changes in seismic 340 activity across our study area. Most of the patterns we observe are also visible in event 341 The Nazca Ridge has abnormally thick crust (~17 km) compared to the normal ~ 367 thickness results in 1.5 km of seafloor topography, but does not appear to affect patterns 369 of outer rise faulting (Hampel et al., 2004) . We propose that the crust along the Nazca 370
Ridge is thicker than the penetration depth of water into the outer rise faults in this area. 371
This would mean that only the oceanic crust (not the oceanic mantle lithosphere) is 372 hydrated along the Nazca Ridge, resulting in an absence of typical mantle hydrous phases 373 (e.g. serpentinite, talc). In contrast, the outer rise faults in the normal oceanic plate on 374 either side of the ridge would contain both crustal and upper mantle hydrous phases. 375
Seismicity up to ~80 km depth, close to the trench, is relatively continuously distributed 376 along strike (Fig. 2a) . A small break in seismic continuity (trenchward edge of cluster B, 377 Fig. 2b ), just south of the ridge projection, is due to the loss of events after relative 378 relocation. We hypothesize that this along strike continuity in seismicity, up-dip from the 379 horizontal portion of the flat slab, is related to the dehydration of hydrous minerals in the 380 oceanic crust both within the ridge and in the normal crust on either side. We further 381
propose that when the slab reaches 80 km depth, the crust is either dehydrated or the 382 remaining hydrous phases are stable at the existing P/T conditions along the flat slab and 383 therefore do not produce sufficient pore pressure to induce seismicity. Earthquakes that 384 do occur north and south of the ridge along the flat portion of the slab are then caused by 385 the dehydration of hydrated mantle lithosphere, not crust. currently subducting along the northern edge of this triangular seismic gap (Fig. 1) . The 411 projected location of this ridge would likely be located near the northernmost corner of 412 this gap, making its association with this absence of seismicity difficult to explain. 413
Another bathymetric feature located further to the south is Iquique Ridge (Fig. 1) .
Kinematic reconstructions (Rosenbaum et al., 2005) suggest that the subduction of 415
Iquique ridge started very recently (< 2 Ma). It is therefore unlikely that this ridge has 416 reached a sufficient depth to affect the seismicity in this area. It is possible that our 417 observed gap in seismicity is related to an unknown, fully subducted heterogeneity in the 418 subducting plate, but we are unable to image any such structure at this time. 419 420
State of stress of the Nazca slab 421
We have analyzed the state of stress for the Nazca slab south of the Nazca ridge 422
where the plate undergoes a dramatic change in dip angle. Recent studies have shown 423 that this transition in slab dip is accommodated not by a tear, but by along-strike 424 stretching of the Nazca plate (Phillips & Clayton, 2014 ). This extension is pervasive 425 enough to have altered the fabric of the downgoing slab (Eakin et al, 2016) . 426
We observe some variability in the T-axis orientations relative to the downdip 427 direction (Fig. 9 ), but our stress tensor orientations show that the slab is experiencing 428 down-dip extension in all four areas in which we had sufficient data to calculate the 429 regional stress field (Figs 8 and 9 ). Differences between T-axis orientations and slab dip 430 vectors are observed in other subduction zones (Anderson et al., 2007) and could be 431 related to strain partitioning along preexisting planes of weaknesses that are variably 432 oriented with respect to the downdip direction. The regional stress field is more reliable 433 indicator of ambient stress (Angelier et al., 1982) . We note that the azimuth of the 434 downdip direction varies from NNE to SW, but the σ 3 axis is always parallel to the slab 435 surface, and in the downdip direction (Fig. 10) . The only minor exception is a subtle
CONCLUSIONS 461
We use new data collected as part of three separate but temporally and spatially 462 overlapping deployments to study the WBZ seismicity and state of stress of the Nazca 463 plate underneath central and southern Peru. We observe a marked absence of seismicity 464 along the projected location of the subducting Nazca ridge track. This observed variation 465 in seismicity is likely related to the overthickened crust (~17 km) of the Nazca Ridge, 466 compared to the normal oceanic crust on either side of the ridge. It is possible that the 467 depth of hydration of the outer rise faults along the Nazca Ridge is less than the crustal 468 thickness of the ridge, which would imply that only the crust along the ridge is hydrated 469 and the underlying mantle lithosphere is dry. In contrast, the outer rise faults in the 470 normal oceanic slab on either side of the ridge would contain both the crust and upper 471 mantle hydrous phases. We hypothesize that the along strike continuity in seismicity up 472 to ~80 km depth is related to the dehydration of crustal hydrous phases both along the 473 ridge as well as north and south of the ridge. Earthquakes that do occur north and south of 474 the ridge, beyond 80 km depth, are likely due to the dehydration of hydrated mantle 475 lithosphere at these locations. The current state of stress in the Nazca slab south of the 476 Nazca Ridge suggests a dominant effect of slab pull acting in the downdip direction. The 477 along strike variation in the orientation of maximum compressive stress is likely related 478 to bending or unbending of the slab due to changes in the slab's curvature. 
